The abrupt change in current or voltage caused by the rapid switching action of power semiconductor devices will generate high-frequency electromagnetic interference (EMI) and needs to be located as the primary interference sources in power electronics. This paper deals with interference suppression on the basis of the study of shaped switching transients in switching waveforms and closed-loop gate drive method for power MOSFETs. The characteristics of switching waveforms with arbitrary switching transients are investigated in both time-and frequency-domain. In addition, conditions of constructing a switching waveform with optimized switching transients are put forward. An optimized Gaussian switching waveform with infinite successive derivatives is proposed which provides the deepest decreasing rate in the interference source spectrum for a given switching time. Compared with a trapezoidal waveform with singleslope transients, the proposed switching waveform has better interference suppression at high frequencies. Meanwhile, a closed-loop gate control prototype with on-state resistance compensation is presented to shape the switching transients of power MOSFETs. The simulated and experimental results show that the proposed controller is successfully implemented to shape the drain-source voltage into an optimized Gaussian reference. Spectrum comparisons show that the EMI generation is effectively suppressed as expected.
I. INTRODUCTION
Power electronic converters based on MOSFETs/IGBTs are widely used in various industrial applications. The fast switching action of MOSFETs/IGBTs improves the converters with high efficiency. Unfortunately, the high switching speeds result in high-level electromagnetic interference (EMI) due to the high-level dv/dt and di/dt generated by the switching of power semiconductor devices [1] . Three essential elements must exist for EMI to occur: an electrical noise source, a coupling path, and a victim receptor. Interference suppression and hence electromagnetic compatibility (EMC) may be achieved by addressing any or all of these issues [2] . In practice, several techniques have been employed to inhibit coupling paths and/or harden the potential victims, such as inserting an EMI filter to suppress the conducted interference and using shielding to suppress the radiated interference. However, these techniques need additional space for installation in power electronic systems and usually are costly. A number of gate control methods may be employed to quiet the sources of interference [3] - [8] . In the case of conventional gate drive [3] , the switching speed and the voltage/current overshoot are controlled by regulating the resistance of the gate resistor. Unfortunately, a main component of the whole switching energy losses is relative to the switching time determined by the switching speed [4] , [5] . Therefore, this EMI suppression measure has limited effects in decreasing the EMI emissions and is prone to increase the switching losses. It has been shown in [1] , that the switching transients of power semiconductor devices are the chief sources for both conducted and radiated EMI. The active voltage control method proposed in [6] has been proved to be particularly effective in controlling high power IGBTs switching transients. Therefore, the EMI suppression can be achieved by shaping the switching transients into some featured switching patterns with closed-loop gate drive.
The characteristics of the switching waveforms with specific switching transients have been further researched. It has been shown in [1] , that any switching waveform can be expressed by the convolution product of an ideal square waveform and the derivative of the normalized transient function. Therefore, the switching transient function plays an important role to modify the high-frequency spectrum asymptote of a switching waveform. If the switching transient function can be differentiated n times, the decreasing rate of the highfrequency spectrum asymptote is -20(n + 1) dB/dec [7] . A switching waveform construction method was proposed in [7] and a modified trapezoidal waveform which has a third derivative was put forward to offer an improved tradeoff between EMI generation and switching losses. However, the construction method is suitable only for switching waveforms with finite derivatives and the EMI suppression effect is limited. A Gaussian ''S''-shape switching transient was proposed in [8] and [9] to provide the deepest decreasing rate in the perturbation source spectrum. However, it should be paid attention that the Gaussian function is not strictly equal to zero over a period of time and hence does not satisfy the continuity conditions and successive derivation conditions proposed in [1] .
Some control methods have been proposed. In [8] , the IGBT switching transients were regulated into the Gaussian ''S''-shape using the modified active voltage control technique and experimental results indicated that great EMI suppression was achieved across the spectrum. A Gaussian controller for power MOSFETs was proposed in [9] and the simulation results show that a 20 dB decrease of harmonics between 10 MHz and 100 MHz was achieved as against the classical driver. However, there is no actual gate driver proposed to force the MOSFET's switching transients to follow a well defined reference.
The purpose of this paper is to create an optimal switching transient for a given switching time for EMI suppression, and propose a closed-loop gate controller for power MOSFETs. Expressions for switching waveforms with arbitrary switching transients in time-and frequency-domains are presented in section II. Relationships between the timedomain characteristics of switching waveforms and their spectral content are investigated. In section III, an optimal switching waveform which satisfies the continuity conditions and successive derivation conditions is proposed and compared to a trapezoidal switching waveform from the spectrum viewpoint. Meanwhile, additional parameters introduced by the proposed switching waveform are discussed. A closedloop gate controller with on-state resistance compensation is put forward in section IV. In the last part, simulations and experiments are performed to verify the theoretical results and the proposed controller.
II. ANALYSIS OF THE SWITCHING WAVEFORM WITH ARBITRARY TRANSIENT FUNCTION
Detailed analysis and discussion are made about the relationships between the time-and frequency-domain of some typical EMI signals [1] . In order to propose a construction guideline for waveforms with optimized switching transients, conditions required are derived from a different perspective.
A. TIME-DOMAIN ANALYSIS
The switching waveforms are generally complicated due to the ringing, pulse and asymmetry. Furthermore, it has been proved in [1] that the high-frequency evolution of the spectrum is determined by the steepest slope. With the aim of simplifying our analysis, assume that the switching waveform noted sw(t) is an ideal symmetric signal. It can be expressed by
where A is the signal amplitude, t 0 is the half amplitude high level duration, τ represents the rise time as well as the fall time, T is the switching period, r(t) is the transient function, switching frequency:
In order to analyze the switching waveform in time-and frequency-domain conveniently, the convolution expression of sw(t) derived from (1) is given by
where sq(t) is a square signal, g(t) = 1/A · dr(t)/dt is the normalized derivative of the transient function. sq(t) and sw(t) have same amplitude, period and duty cycle. It can be seen that we can construct any switching waveform from an ideal square signal and the normalized derivative of a transient function as represented in Fig. 1 . With the purpose of keeping the amplitude of sq(t) with the new sw(t), g(t) must satisfy the following continuity VOLUME 5, 2017 conditions:
Assuming that the new switching waveform can be differentiated k times, i.e. the kth time derivative of sw(t) exhibits a discontinuity. The transient function must satisfy the following successive derivation conditions up to k:
B. FREQUENCY-DOMAIN ANALYSIS
The Fourier Transform (FT) of sw(t) deduced from (2) is given by
where F sq (f ) represents the FT of sq(t), and G(f ) represents the FT of g(t). Furthermore, some basic spectral characteristics of the switching waveform can be investigated. The Fourier series coefficients of sq(t) are given by
where n is the harmonic rank, sinc(x) denotes sin(x)/x. The corner frequency f c1 is introduced into the spectrum as given by
It can be seen that the low-frequency spectral content of the switching waveform is determined by the signal amplitude A, the switching frequency f 0 and the half amplitude high level duration t 0 . First, the asymptote of the low-frequency spectrum is constant from f 0 to frequency f c1 (if f 0 < f c1 ), then it decreases from f c1 with a −20 dB/dec slope. Assuming that sw(t) can be differentiated k times. The kth derivative sw (k) (t) exhibits P discontinuities, which means that P Dirac pulses exist in sw (k+1) (t). The (k + 1)th derivative sw (k+1) (t) is given by
where τ i and A i are the times and amplitudes of the P discontinuities occurring in the kth derivative of the switching waveform. The FT of sw (k+1) (t) can be expressed by
Considering the properties of the Fourier Transform, we get the high-frequency harmonics of the Fourier series of sw(t) from (9) and (10) as given by
The relevant parameters are: the switching frequency f 0 , the derivation order of the switching waveform k, and the amplitude of the discontinuity in the kth derivative of sw(t). For a given switching frequency f 0 , the high-frequency spectrum of sw(t) is mainly determined by k and A i . Furthermore, the high-frequency spectral gradient of arbitrary switching waveform is controlled by the derivation order. The decreasing rate is −20(k + 1) dB/dec.
III. DEVELOPMENT OF THE PROPOSED WAVEFORM WITH OPTIMIZED SWITCHING TRANSIENTS
Waveforms used in analytical results presented in this section have the same fundamental parameters: switching frequency f 0 , signal amplitude A, switching time (rise time/fall time) τ and duty cycle D.
A. THE TRAPEZOIDAL SWITCHING WAVEFORM
The spectral characteristics of the trapezoidal waveform are extensively researched [1] , [7] - [9] . The Fourier analysis of the trapezoidal waveform is put forward using the important results from section II. It should be paid attention that the trapezoidal waveform can be expressed by the convolution product of an ideal square waveform and a gate function as shown in Fig. 2 . In order to satisfy the continuity conditions (3) and (4), the gate function is equal to 1/τ over a τ time interval. The Fourier series coefficients of the trapezoidal switching waveform can be easily obtained using (6) as given by
The corner frequencies f c1 and f c2 controlled by the waveform pulse width t 0 and switching time τ are given by
It must be noted that only f c1 depends on the half amplitude high level duration t 0 and hence t 0 just influences the low-frequency spectral content of the waveform. Since the trapezoidal waveform can be differentiated one time, the decreasing rate of the high-frequency spectrum is −40 dB/dec. The spectrum of a trapezoidal switching waveform defined by F sw (n) is shown in Fig. 3 . The black solid line represents the spectrum asymptotical envelop. It can be observed that the asymptote of the spectrum reduces from f c1 with a −20 dB/dec slope, then it decreases from f c2 with a −40 dB/dec slope. Since frequency f c2 depends on the switching time τ , the amplitude of the spectral envelop at frequencies changes when varying the switching time. The asymptote function of the high-frequency spectrum over f c2 can be easily deduced from (12) V = 20 log 10 A n 2 π 2 f 0 − 20 log 10 (τ ) + 120
Then the change in spectral amplitude above f c2 when varying the rise time is given by
where τ represents the difference between the current and the previous switching time, V is expressed in dB.
B. THE PROPOSED OPTIMIZED GAUSSIAN SWITCHING WAVEFORM
We can use (2) to define a switching waveform having infinite successive derivatives to provide the deepest decreasing rate in the perturbation source spectrum for a given switching time. A Gaussian function is proposed in [9] as g(t). However there is a theoretical limitation that this function is not strictly equal to zero over a period of time. Although the on-state drain-source voltage is not equal to zero due to the large load current and the on-state resistance, the stability of the gate driver for MOSFETs can not be readily achieved when using the Gaussian switching waveform as reference. The optimized Gaussian function is defined by
where ϕ(t) is a pulse function with pulse width t 1 , t1 0 ϕ(t) = 1, ϕ(0) = ϕ(t 1 ) = 0, λ(t) is a Gaussian function with pulse width t 2 , σ t = t 2 /4. In order to keep the pulse width of g(t) with the switching time, the sum of t 1 and t 2 must be equal to τ .
It can be seen that ϕ(t) and λ(t) are integrable functions and hence the integral of their convolution on the whole space is easily achieved as the product of their integrals:
The convolution of ϕ(t) and λ(t) is differentiable as many times as ϕ(t) and λ(t) are in total. Since the Gaussian function λ(t) is infinitely differentiable, the kth derivative of g(t) is given by
Note that g(t) is the normalized derivative of the transient function r(t), i.e. r(t) = A τ 0 g(t)dt. Therefore, according to (18) and (19), the optimized Gaussian function g(t) and the corresponding switching transient function r(t) satisfy the conditions (3), (4) and (5).
The proposed switching waveform has two additional parameters: the times that ϕ(t) can be differentiated, and the pulse width of ϕ(t). Fig. 4 illustrates the construction process of the proposed waveform. Note that ϕ(t) is assumed to be a gate function, equal to 1/t 1 over a t 1 time interval. The FT of the proposed switching waveform is given by
Comparing (20) with (12), it can be seen that an exponential decay has been introduced. Effects of the two additional parameters variation on spectral content and spectral comparison of the proposed switching waveform with a trapezoidal waveform will be discussed in the following sections.
C. EFFECTS OF THE PULSE WIDTH t 1 VARIATION ON SPECTRAL CONTENT
As defined above, t 1 may take a value between 0 and τ . Assuming that ϕ(t) is a gate function. The Fourier series coefficients of the new waveform are given by
The asymptote function of the high-frequency spectrum is given by
Note that the harmonic rank n and the pulse width t 1 are the two variables in (22). The first order partial derivative of (22) with respect to the variable t 1 is given by
In the practical application, MOSFET/IGBT voltage and current transition times determined by device ratings and control methods typically range from 100 ns to 1µs [7] . Furthermore, t 1 should not be too small when using a reference generator to create an improved Gaussian waveform, due to the limitation of the generator's sampling rate. Therefore, ∂V /∂t is always positive at high frequencies. The amplitude of the high-frequency spectral asymptote at a given frequency decreases while t 1 decreases. Fig. 5 illustrates the spectral characteristics of three optimized Gaussian switching waveforms with the same fundamental parameters but different pulse width t 1 . Spectra envelops are shown for t 1 = 0.1τ , 0.5τ and 0.9τ . The corresponding pulse width t 2 = 0.9τ , 0.5τ and 0.1τ . It can be seen that the spectral envelopes of the three waveforms have the same initial low-frequency gradient. The waveform with smaller t 1 leads to a higher decrease of high frequency components for the same switching time τ .
D. EFFECTS OF THE HIGHEST DERIVATIVE ORDER OF ϕ(t) VARIATION ON SPECTRAL CONTENT
Assuming that ϕ 1 (t) and ϕ 2 (t) are two pulse functions with same pulse width t 1 . ϕ 1 (t) and ϕ 2 (t) can be differentiated k 1 and k 2 times separately. sw 1 (t) and sw 2 (t) represent the switching waveforms defined by ϕ 1 (t) and ϕ 2 (t) separately. According to the results in section II, the change in highfrequency spectral amplitude of sw 1 (t) and sw 2 (t) is given by V = 20 log 10
where A i is the amplitude of the P 1 discontinuities occurring in the highest derivative of sw 1 (t), and B i is the amplitude of the P 2 discontinuities occurring in the highest derivative of sw 2 (t). These four parameters are constants for given waveforms. To directly observe the effect of (k 2 -k 1 ) on V , assuming that the first term of the right side in the equation does not change with the variation of k 1 and k 2 . The estimation of V changing with (k 2 -k 1 ) and frequencies are illustrated in Fig. 6 . It can be seen that the estimation of V at a given frequency increases while the highest derivative order of ϕ(t) increases. For a given (k 2 -k 1 ), the estimation of V is linear with frequency in logarithmic coordinates. Noting that an exponential decay exists in the high-frequency spectrum of the proposed switching waveform. Therefore, the highfrequency spectral amplitude decreases while the highest derivative order of ϕ(t) increases, and yet the effect may be less significant.
In order to highlight this aspect, assuming that ϕ 1 (t) is a gate function, equal to 1/(0.5τ ) over a 0.5τ time interval. Obviously the highest derivative order of ϕ 1 (t) is zero. The Fourier series coefficients of sw 1 (t) are given by (21). Assuming ϕ 2 (t) = π /(2t 1 ) · sin(πt/t 1 ), where t 1 = 0.5τ . Noting that the highest derivative order of ϕ 2 (t) is one. The Fourier series coefficients of sw 2 (t) is given by
The spectra envelops comparison is shown in Fig. 7 . It can be seen that the terminal high-frequency spectral content of sw 2 (t) have a deeper decreasing rate and yet are mainly determined by the Gaussian function. 
E. SPECTRAL COMPARISON OF THE PROPOSED WAVEFORM WITH A TRAPEZOIDAL SIGNAL
Switching waveforms in power converters under hard switching control are frequently approximated by a trapezoidal signal [7] . The corresponding spectrum can be achieved with (12).
Assuming ϕ(t) is a gate function, equal to 1/(0.1τ ) over a 0.1τ time interval. An optimized Gaussian switching waveform can be constructed using (2) and (17). The corresponding spectrum can be achieved with (21).
In order to illustrate the spectra comparison, assuming f 0 = 10 kHz, A = 100 V , τ = 1 µs and D = 0.5. Spectra of the optimized Gaussian switching waveform and the trapezoidal signal are shown in Fig. 8 .
As analyzed in section II, the two waveforms have the same low-frequency spectral content since they have the same signal amplitude, switching frequency and duty cycle. It can be seen that the trapezoidal signal has a −40 dB/dec decreasing rate in the high-frequency spectrum. For comparison, the optimized Gaussian switching waveform with the same switching time introduces a significant exponential decay into the high-frequency spectrum. 
IV. CLOSED-LOOP GATE CONTROL WITH ON-STATE RESISTANCE COMPENSATION
A closed-loop gate control prototype studied in this paper is presented in Fig. 9 . The general idea is to use a high-speed feed-back to force the drain-source voltage to follow a reference. Note that the on-state drain-source voltage depends on the load current and the on-state resistance. Therefore, unlike the active voltage control method for IGBTs presented in [6] and [8] , the proposed controller contains an on-state resistance compensation term. A current sampling resistor is implemented to sense the drain-source current. The compensation term is provided by a proportional amplifier. The drain-source voltage reference is generated by summing the outputs of the reference generator and the compensation term. The voltage feedback loop is formed, with a differential amplifier to compare the voltage reference with the actual drain voltage. The error signal is fed to an emitter follower which can provide high analog bandwidth and necessary current gain. Gate resistor R g has greatly influence on the feedback loop stability.
V. RESULTS AND DISCUSSIONS

A. CIRCUIT SIMULATION
In this section, the performance of the control circuit is tested in simulation. The proposed controller is applied to a standard chopper for shaping the drain-source voltage into a reference waveform. The power MOSFET is a 30-V/24-A IRL2703 Spice model. R g is 3
resistor. An optimized Gaussian switching waveform defined by (2) and (17) is used as reference. The switching time, signal amplitude, switching frequency and duty cycle are 100 ns, 12 V, 1 MHz and 0.5 separately. ϕ(t) is a gate function, equal to 1/(0.1τ ) over a 0.1τ time interval. The optimized Gaussian reference is obtained from MATLAB and imported into Pspice. For comparison, a classical gate driver with a 3 gate resistor is also carried out in the simulation. The drain-source voltage and gate current waveforms obtained by simulation are shown in Fig. 10 and Fig. 11 . As it can be seen, the actual v ds voltage under the proposed controller follows the reference very well. The on-state drain-source voltage is unequal to zero due to the on-state resistance. The v ds waveform under the classical gate driver is close to a trapezoidal signal. Compared with the classical gate driver, the proposed controller requires a slightly higher gate current, which is acceptable for tracking the optimized Gaussian reference. 
B. EXPERIMENTAL RESULTS
A chopper with inductive load was used to test the EMI suppression effect of the proposed closed-loop gate controller and the optimized Gaussian switching waveform. The MOSFET is an IRL2703, having an on-state resistance of 0.04 . A THS3091 with a wide unity gain bandwidth of 235 MHz is chosen as the op-amp. A PNP transistor S8050 and a NPN transistor S8550 are chosen to build the drive stage. The gate resistor used is 3 . The optimized Gaussian reference is formed with an arbitrary waveform generator. The switching time τ , signal amplitude A, switching frequency f 0 and duty cycle D are 500 ns, 20 V, 400 kHz and 0.5 separately. ϕ(t) is a gate function, equal to 1/(0.1τ ) over a 0.1τ time interval.
In Fig. 14 , the drain-source voltage follows the optimized Gaussian reference well at turn-on. However, at turn-off, some tracking errors exist as seen in Fig. 13 . The operation of a MOSFET during turn-off process goes through the linear region, the saturation region and the cutoff region in sequence. Therefore the MOSFET is still in the saturation region at the top corner. The slight voltage overshoot might result from the high current slew rate and parasitic inductances.
The classical gate driver based on an ideal PWM signal connected to a 3 gate resistor was applied to the chopper as comparison. The spectra comparison is represented in Fig. 15 . It can be seen that the proposed controller with optimized Gaussian reference has a remarkable EMI suppression from 1 to 140 MHz. An exponential decay was introduced into the spectrum. However, the suppression effect was limited after 140 MHz. The tracking errors during turn-off process are the main causes since the high-frequency evolution of the spectrum is determined by the steepest slope. The time-domain measurements of the drain-source voltage were obtained from a Tektronix oscilloscope TDS2024C. The useful measurement frequency band is also limited due to the limited measurement bandwidth, vertical resolution and sampling rate. 
VI. CONCLUSION
The characteristics of arbitrary switching waveforms are achieved in both time-and frequency-domain by mathematical derivation. A guideline of constructing an optimized Gaussian switching waveform with predictable suppressed spectrum is put forward. Meanwhile, a closed-loop gate control prototype with on-stated resistance compensation is proposed to force the drain-source voltage of power MOSFETs to follow the proposed switching waveform. Comparisons of the simulated results between the proposed controller and the classical gate driver prove the effectiveness of the main research in this paper. Experimental results show that the drain-source voltage follows the optimized Gaussian reference well at turn-on, whereas some tracking errors exist at turn-off. Still, a remarkable EMI suppression has been achieved. Future works will explore the application of the proposed EMI suppression method in other semiconductor devices such as Silicon Carbide MOSFETs.
